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a slate fasnion using a 5- phospuoryiatea P ri«r 
having the sequence 

(The asterisk indicates tfc* of «.e M|« 

^ the underlined se^nne stows u» « • 

Z «stl site., «« - C " V T 

obtained at a .regency o. «- - t» P-^t 
x«**=tivaly. Kutant — ~" ^med 
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dideoxy sequencing in » 3 - 

^agenesis of Tyr21/Th«2 « M1/C2J «« cut 
with a S> ptospuorylated M********* ham*f 
the sequence 

CThe asterisk .how M to the vild type 
and the underlined serene* »how. the 
of an altered £|&M'3& «it*.) manipulation for 
■are identical to those 
024 Because direct cloning of the 

Ja* ««g««t «» y «* 

™L Of genesis, tt. 

L^ant w.« purified *«d l^ated into pBS«. £■ ESiA 

calis were transform** with the U,«ti« 

ltu„ ana P l.»id ™ - Pitted *ro» isolate* 




site, at cotton 
mutagenesis primer, 3Vo 



30 ..™ was confirmed B y didecxy se^anctng a 
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Double sutsuts, C22/CS? and C24/CS7, vera constructed 
by lighting fragments sharing a coaaon ClaX site that 
separated the single parent cystine codons. 
Specifically, the 500 bp EcoRI-Clal fragrant 
containing the 5 s portion of the subtilisin gene 
(including codons 22 and 24} was ligated with the 4,7 
fcb cLal-EcoRX fragment that contained the 3 s portion 
of the subtilisin gene (including codcn 8?} plus pBS42 
vector sequence, soli HK 394 was transformed with 

ligation fixtures and plasssid. OJTA was purified from 
individual transformants* Double-cysts ine pi asmid 
constructions were identified by restriction site 
markers originating from the parent cysteine mutants 
(i.e., G22 and C24, SauSA minus? CysS?,, MstT plus). 
Piasmids from E. poll were transformed into B. 
subtil is The thermal stability of these 

mutants as compared to wild type subtilisin are 
presented in Figure 30 and Tables xvx-x and xvm. 
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Effect of DTT on the Half -Time of 
Autolytic Inactivation of Wild-Type 
are Disulfide Mutants of Subtilisin* 



ii... 



„ f^i : 



Wild-type 95 «S 1,1 

C22/C8? 44 25 1,3 

C24/C87 92 62 1.5 



* ■ Purified enayrces were either treated or not 
treated with 25m DTT and di&Xyged with or without 
IQmU DTT in 2jtuM CaCl,, SQm Tris (pH 7,5} for 14 hr. 
at 4°C« Srssyme concentrations were adjusted to 80ul 
aliquofas were quenched on ice and assayed for residual 
activity. Half-times for autolytic inaetivation were 
determined from semi-log plots of l©9 iS (residual 
activity} versus time* Theee plots were li»ear for 
over 90% of the inactiv&tiosu 
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Effect of Mutations in Subtilisxn 
. on. the Half-Tijae of Antolytic 
Inactivstion at 3S*C*~ 




Wild-type 

C22 

C24 

C8? 

C22/CS7 
C24/CS7 



120 
22 

120 

104 
43 

115 



'* ' Half -times for autolytic inactivation were 
dsreritdned for wild-type ana mutant subtil isins as 
described in the legend to Table 111 « Unpurified and 
- iced snz^es were used directly from 9. 
w r supernatant*. 

Toe disulfides introduced into subtil isin did not 
improve the autolytic stability of the mutant m&y&m 
when compared to the wild-type enzyme. However, the 
disulfide bonds did provide a margin of autolytic 
stability mm compered to their corresponding reduced 
double-oystaine ensyms. Inspection of a highly 
refined x-ray structure of wild-type J, amyloligue- 
[sciens subtil isin reveals -a hydrogen bond between 
Thr22 and S«r87. Because cysteine is a poor hydrogen 
donor or acceptor {Paul, I.C, {1914} in Chemistry of 
tM-jg$LJiH8m (Patai, S,, ©d,} pp. 111-143, Wiley 
Xnterscience f New York) weakening of 22/8? hydrogen 
bond nay explain why the CZZ and CS? single-eystaine 
J&utant proteins are lees autolytically stable than 
either C24 or wild-type (Table XVIII ) . The fact that 
C22 is less autolytically stable than CS7 may be the 
result of the Tyr21A mutation {Table XVI11), Indeed, 
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construction and analysis of 2yr21/C22 shows the 
mutant protein has an autolytic stability closer to 
that of C8 7. In summary f the 022 and C8? of 
s ingle-cyst eine mutations destabilise the protein 
toward autolysis, and disulfide hm& formation 
increases the stability to a level £ess than or agu&i 
to that of wild-type emtyme. 



Multiple Kutants Containing Substitutions 
a.t..„PMiticn 5 ' Vosjtipn M^,,9X-1M^ 

Double mutants 166/222 and 169/223 were prepared by 
ligating together fl) the 2»2kb ^call fragment fron 
PS4.5 which contains the S.« portion of the eubtiii sin 
gene and vector sequences, (£} the 200bp Mall 
fragment which contains the relevant 166 or 165 
mutations from the respective 166 or 1$S pUsaids, and 
(3) the 2.2&fe Avail fragment which contains the 
relevant 222 mutation 3 s and of the subtilisin genes 
and Vector sequence from the respective p222 plasmid. 

Although mutations at position 222 improve oxidation 
stability they also tend to increase the Km. to 
example is shown in Table XXX* In this ease the k222 
mutation was combined with the E16S mutation to give 
an enzyme with heat and Km intermediate between the 
two parent enzymes,. 
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KISS 21 3,73el0~ ! 

X166/A222 29 $,Qxl6~' 



SXAK PLE 13 

Multiple Mutants Containing 
Substitutions at Positions* SO, 156, 

The dotsble mutant S156/A169 was prepared by ligation 
of two fragments, each containing one of the relevant 
outation*. The plasmid psi56 was cut with Xfoal and 
treated with SI nuclease to create a blunt ana at 
oodon 16?, after removal of the nuclease by 
phenol/chloroform extraction and ethane! precipita- 
tion, the DNiV was digested with BaatBX and the 
approximately 4kb fragment containing the vector plus 
the 5* portion of the subtil is in gene through coden 
IS? was purified. 

The pA169 plasms id was digested with K&nl end treated 
with Wh polymerase Xl«now fragment plus 50 #K dKTPs 
to create a blunt end eodon at eodon 168 x The Klenow 
was removed by phenol/chloroform extraction and 
ethanol precipitation. The SNA was digested with 
BamH! and the SSObp fragment including codon 168 
through the oarbosey terssinus of the subtil lain gene 



was isolated. The two fragments were then li gated to 
give S256-/&X69, 

Triple and quadruple mutants were prepared by ligating 
together flj the 220bp FvuZI/Kaell fragment eorit.si.ning 
the relevant 256, 166 and/or 169 mutations from the 
respective p!56, pi 66 and /or double of single 

mutant plasmid, C2) the SSObp Haill/BasHX fragment 
containing the relevant 21? xftutan* tea the respective 
p2X7 plssmid, and (3) the 3.9kb PvuII/BaaHX fragment 
containing the F50 mutation ana vector sequences, 

The multiple mutant r50/S156/M69/X>2.1?, as well as f, 
amyloUguefaciens subtiiisin, B. AiH-^IREHl 
•ubtilisin and the single mutant L21? were analyzed 
with the above synthetic polypeptides where the p*l 
amino acid in the substrate was Lys, His, Ala, Gin* 
Tyr, Phe, Met and Leu* These results are shown in 
Figures 26 and 27. 

These results show that the FSO/S2567A160/L21? mutant 
has substrate specificity similar to that of the B. 
licheniformls enzyme ana differs dramatically from the 
wild: type ensyme. . Although only data for the 1*21? 
mutant are shown, none of the single mutants (e.g., 
FS0, S1S6 or %im showed this effect, -Although B. 
lichen if omis differs in 38 residue positions from B. 

.. t\u combination of only these four 
mutations accounts for most of the differences in 
substrate specificity between the two enzymes , 

Snfotilisin Mutants Having 
Mtered Alkaline Jta^ili^ 

A random mutagenesis tectei^e was used to generate 
single and multiple mutations within the B. 
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i glol i^efa caens subtil is in gens. Such mutants were 
screened for altered alkaline stability. Clones 
having increased (positive) alkaline .stability and 
decreased (negative) alkaline stability were isolated 
and sequenced to identify the mutations within the 
subtil is in gene. Among the positive clones, the 
mutants ¥10? end 1*213 vers identified. Those single 
mutants were subsequently combined to produce the 
mutant V107/R213 . 

One of the negative clones (VSQ* from the random 
mutagenesis experiments resulted in a marked decrease 
in alkaline, stability. Another mutant (P50) was 
analysed for alkaline stability to determine the 
effect of a different substitution at position SO. 
The FSO mutant was found to have a. greater alkaline 
stability than wild type srubtliisin and whan combined 
with the double mutant ¥io?/R213 resulted' in a mutant 
having an alkaline stability which reflected the 
aggregate of the alkaline stabilities for each ©f the 
individual mutants . 

The single mutant B204 and double mutant C204/E213 
were identified by alkaline screening after random 
cassette mutagenesis over the region from position im 
to 228. The C204/R213 mutant was thereafter modified 
to produce nutants containing the individual mutations 
C204 and E213 to determine the contribution of each of 
the individual mutations,. Cassette mutagenesis using 
pooled oligonucleotides to substitute all amino acids 
at position 204, was utilised to determine which 
substitution at position 204 would maximize the 
increase in alkaline stability, The mutation fross 
Lys213 to &rg was maintained constant for each of 
these substitutions at position 204:. 
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A, construction of pB0180 f an 

E> coli-S. subtilis - V * ^1 ?K<-< v 

The 2,9 kb BcoRX-BamHJ fragment iros pBB327 
(CmmmhUB, X<<, et al» (1S81) Gene 13, 25-351 was 
ligated to the 3.?kb Eco K 2 -BasnH X fragment of pBX>64 

(Gryczan, T,, et al. Cl§80) p. Bacteriol. , M, 

5 248-253) to give the recombinant plasmld pB0X53. The 
unique EcoRX recognition sequence in pBD64 was 
eliminated by digestion with BcoRI followed by 
treatment with Klenow and deoxynueleotide 
triphosphates (Maniatis, T. t at al. Cods,} (1982) in 
10 Molecular Cloning, A Laboratory Hamsal , Cold Spring 
Harbor Laboratory, Cold Spring Harbor, N.Y. ) « Blunt 
end ligation and transformation yielded pB0154, The 
unique ' Aval recognition sequence in pB0154 was 
eliminated in "a similar manner to yield pBQX71. 
m £8.0171 was digested with BamHI and £vulj and treated 
with Klenow and deoxynncleotide triphosphates to 
create blunt ends, The 6*4 kb fragment was purified, 
ligated and transformed into LE392 cells (Enguest, 
L,W,, et al. 1197?) J* ml. Biol, 111, 97-120), to 
20 yield pSOX.72 which retains the unique BamHI site. To 
facilitate subcloning of subtilisin mutants, a unique 
and silent Kpnl site starting at eodon 166 was 
introduced into the snbtilisin gene frost pS4.5 (Wells, 
j f et al, gccleic Acids Ras, , XI, 7911-7925) 

25 by site-directed mutagenesis, The Kpnl* plasmid was 
digested with EcoRI and treated with Klenow and 
deoxynuc loot ide triphosphates to create a blunt end. 
The Klenow was inactivated by heating for 20 min at. 
£8«C, and the SNA was digested with BamHI* The 1.5 kb 
30 blunt EcoRI -BamHI fragment containing the entire 
snbtiiisin was ligated with the 5.8 kb |?ruX~Bam&n from 
PBC3.72 to yield pBOlSO, The ligation of the blunt 
Krul end to the blunt EcoRI end recreated an BcoRI 

3S 
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site. Proceeding clockwise around pB0I8D from the 
1 site >. - v •> ! e - ~ e ubtilisi gene the 
unique 'BsKtKI site at the 3' end of the sobiilisin 
KSiSti, the chloramphenicol and neomycin resistance 
genes and OBI 10 grant positive replication origin 
derived from pBD64 f the ampicillin resistance gene and 
gram negative replication origin derived iron; pBS32?„ 



B , li-i> ' _ c . dr o. s 

The 1,5 kb BcoRl~San?HI fragment containing the B, 
amyioliquefaciens sabtilisin gene (Wells at ai, f 19835 
from pB0180 was cloned into M3mpll to give «J 3Bpl 1 
SOBT essentially as previously described (Walls, J«&> f 
et &1, (1986 ? j. Biol. Ctuzm* , 261, 6564-6570} . 
Deoxynridine containing template DMA was prepared 
according to Kunkel (Kunkel, T. A« (19851 Proc. Katl. 
Acad, Sol, USA, 82 488-492} , Uridine containing 
template DK& IKunkel, 1985) was purified by CsCl 
density gradients {Maniatish 2?. et al. Cede*} -US 82) 
* ' " - Manual, Cold Spring 

Harbor Laboratory, Cold Spring Harbor, N.Y.K A 
primer (Aval" ) having the seqnen.ee 

GCT^A 

2S _ 

ending at codon -11, was used to alter the unique Aval 
recognition sequence within the sub til is; in gene, (The 
asterisk denotes the mismatches from the wild-type 
sequence sad underlined is ths altered Aval site.) 

30 

The 5 f phosphoryiated ywal primer (-320 pmol} and -40 
pmol. C-llOyg} of uridine containing Hllmpli SUBT 
template in 1.88 ml of S3 m W2 t 7,4 xttM MgC12 and 
?»4 mK Tris.BCi (pH 7,5} were annealed by heating to 

35 



15 



~lio- 0251440 

gp»C for 2 min, and cooling 15 sain m U°C (Fig. 3 IK 
Primer extension at 24*C was initiated by addition of 
IDoyL containing I r&M In all four deoxynncleotide 
triphosphates, and 20 yi Klenow fragment (5 units/ 15. 
The extension reaction ms stopped every 15 seconds 
over ten min by addition of 1.0 yl 0.25 M EDTA {pH 8) to 

5 SOyl a liquet s of the reaction .mixture , Samples were 
pooled , phenol chlorophorm extracted and mh was 
precipitated twice by addition of 2.5 vol 100% 
ethanoi, and washed twice with 70% ethanoi. The 
pellet vas dried, and red is solved- in 0.4 ml 1 mM EDTA , 

ID 10 m Tris (pH 8} . 

Hi s in corpor aiion of a-thiodeoxyrmcleotisles onto the 3* 
ends of the pool ..of randomly terminated template was 
carried out by incubating four 0,2 ml solutions each 

15 containing one-fourth of the randomly terminated 
template mixture (-20^), 0,25 mM of a. given 
s-tlUodeoxynucleotide triphosphate, 100 units AMV 
polymerase, 50 m KCL, 10 m*5 Mg€l 2 , 0.4 mM 
dithiothreifcol, and 50 vM Tris (pH 8,3} {Champoux, 

20 J.J, {1984} Genetics, 2, 454-4S4) , After incubation 
at 37*€ for 90 minutes, mis-Incorporation reactions 
were sealed by i&cn&ation for five minutes at 37*C 
with 50 m all four deoxy nucleotide triphosphates CpH 
8}, and 50 units AMV polymerase. Reactions were 

25 stopped by addition of 25 ssH BBfA (final), and heated 
at 68*C for ten sain to inactivate AMV polymerase, 
After ethanoi precipitation and resuspension, 
synthesis of closed circular heterodxipiexes was 
carried out for two days at 14 *C under the same 

30 conditions used for the timed extension reactions 
above, except the reactions also contained 1000 units 
T4 DNA ligase, 0.5 ssM AT? and I xr=M g-merc®ptoethanol . 
Simultaneous restriction of each heteroduplex pool 
with Kpnl, BamBI , and jScoRX confirmed that the 
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extension reactions were nearly quantitative, 
' ',vi plcx TTUA in ea> x : r- r r was 
j> * . c j 'j - o ■"" by incubation with BOpM 

S-adanosylmethionine ana ISO units dans s-e thy lass for 1 
hour at 37*C« Me thy la ti. on reactions were stopped by 
heating at €8 C C for 15 Bin,. 

One-half of each of the four methylated hetsrodnplex 
reactions wsie transformed into 2,5 ml competent jy 
coli J8101 (Messing.. J. (IBIB) Recombinant OKA Tech . 
j-hnyJL f ;- , 43-4 8) < The number of independent 
£rom each of the four transformations; 
ranged irons 0.4-2,0 x 10", After growing out phage 
pools, KF t>m from each of the four transformations 
was isolated and purified by eentrifugation through 
CsCl density gradients. Approximately 2yg of RF DNA 
from each of the four pools -was digested with Eco Rl, 
L..' 1 ar a . 1. ^ * L~- r " * 

(£,«.♦••, Aval resistant J was purified on low gr^l 
temperature agarose and ligatsd into the S^S kb 
gcoRl-SamHl vector fragment of pBOXSO, The total 
number of independent trass formats from each 
a~thiodeoxy nucleotide mdsineorporation plasmid library 
ranged from 1,2-2,4 x 10*. The pool of pis amies from 
each of the four transformations was grown out in 200 
ml IB media containing 12<Syg./m.I cmp and plasmid DNA 
was purified by centri f ngstion through CsCl density 
gradients. 



C, Express ion and Screening 

- ' " 1 _ - - - ^ " 
Plasmid Dhh from each of the four mis incorporation 
pools was transformed { Anagnos topou los , C, f at ai, 
tlH ) t •> ha- re; oi , h., 741-746) into BG2036, For 
each transformation, 5yg of DNA produced approximately 
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2,5 jg xo 5 independent BS2036 transf oraants , and liquid 
culture aliguota from tne four libraries were stored 
iu 10% glycerol at ?o*:C> ¥fcav«o\ aliquots of frozen 
cultures vera plated on bB/S^g/mX c^p/X.6% ais&a »ilk 
plates (Weils, J. Ax j. et al, (1S83) ^ul^c ^cL4,s„„Ies,,„ t 
Xk t ?911~7925) , and fresh colonies wie arrayed onto 
SS-weXi nicrctiter plates containing ISO 1 per well LB 
media plus X2.$pg/»1 cmp» &£t©r 1 h at room 
temperature, a replica was stamps** (using a matched 96 
prong stamp) onto a 132 mm BA So nitrocellulose filter 
(Scbleieher and scheull). whiefe was layered en a 140 mss 
diameter za/cmp/akim milk plate* Cells war® grown 
about 16 n at 30*C until hales of proteolysis were 
roughly S*7 ros in diameter and filters were 
transferred directly to a freshly prepared agar plate 
at 37 'C containing only 1.6% skim milk and SO mH 
sodium phosphate pB 11.5, Filters were incubated on 
plates for 3-6 h at 37 *C to produce hales of about S 
sees for wild-typ® subtil isin and were discarded. The 
plates were stained for 10 min et 24 *C with coomasaia 
blue solution (0.2S% coon&svie blue (R-250) 25% 
ethanol) and aastained with 2S% ethanol, 10% acetic 
acid for 20 mim Zones of proteolysis appeared as 
blue halos on a white background on the underside of 
the plate and were compared to the original growth 
plate that was similarly stained and destained as a 
control. Clones were considered positive that 
produced proportionately larger ssones of proteolysis 
on the high pB plates relative to the original growth 
plate. Negative clones gave smaller halos under 
alkaline conditions. Positive and negative clones 
were restreaked to colony purify and screened again in 
triplicate to confirm alkaline pK results. 
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Plastics DNA frosts 5 ml overnight cultures of more 
alkaline active B.subtilis clones was prepared 
according to Bimbo im and Daly (Birnboim, B.C. t et: al, 

U& ?> Acrn k<plc 2' 1513) except that 

incubation with 2 mg/vxl lysoxyme proceeded for 5 sirs 
at 3.7 *C to ensure ceil lysis and an additional 
phenol /CHC1- extraction was employed to remove 
contaminants . The 1,5 kb BcoBX-BamHI fragment 
containing the subtiiisin gene was ligatad into 
&I3mpll and template tm& was prepared for DNA 
sequencing Messing, J, , at al » (1982) Gene, jt§ 
269-276) . Three ONA sequencing primers ending at codon 
26, 4-95, and *155 were synthesized to match the 
sitbt.il is in coding sequence. For preliminary sequence 
identification a single track of DHA sentence , 
corresponding to the dNTPaS misincorporation library, 
from which the mutant cwm, was applied over the 
entire mature protein coding sequence {i»e. , a single 
didsoxyguanosine sequence track was applied to 
identify & mutant from the dGTPas library)* A 
complete four track of SNA sequence was performed 200 
bp oyer the site of mutagenesis to confirm and 
identify the mutant sequence (Sanger, T». f et al,, 
U»80> J. mi, Biol, , 143 , 161-178) . Confirmed 
positive and negative bacilli clone© were cultured in 
LB media containing 12.5yg/»X, cap and purified from 
culture supernatant s as previously described (Sstell, 
et al. C198SI J. Biol, Chem, , 260 , 6518-6521). 
Snsyxses were greater than 98% pure as analyzed by 
SDS~pol.yacryIamide gel electrophoresis (Laemsnli* U.K. 
U9?0) , ,%ture, 227 , 680-585), and protein 
concentrations were calculated from the absorbance at 
289 am, c|gj % « 1.17 (Mattsrbar*, H« , et al, (1965), 3\ 
Biol, Chem , 240 ? 1125-11301, 
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Ensyjae activity was measured with 20.0*. g/aL 
succinyl~L~AlaL~MaX^ (Sigma) in 

0.1K' Tris pH 8x6 or 0.1 M CAPS pH 10.8 at 3S*C. 
Specific activity moles product/»in~sg} vas 

calculated froa the change in absorbance at 410 om 
from production of p-nitroanilin& with ti»e per »g of 
ensviaa (E410 * 8,480 M~Xcm~XT Del Kar, E.G., et al , 
Anal. Bioehegb,, tty 316-320), Alkaline 
autclytie stability studies vara performed on purified 
enzyxaes (200*g/»L) in 0,1 H potassium phosphate (pH 
12.0) at 37* C At various- timss aliquots were assayed 
for residual ensym© activity (Wells, J.**.* et al. 
(19S6) ^Biol,,.,,,ChcSU f 65S4.-S570). 



.31- Optimisation and analysis 

pX^utag.gpesif txsmasssssu 

& set of primer-template molecules that ware randomly 
3 « -terminated over tbe subtilisin gsme (Fig. 31) vas 
produced by variable extension from a fixed 5* -primer 
t$Mt primer mutated a unique Aval site at coder. 11 in 
the subtilisin gens}* This vas achieved fey stopping 
polymerase reactions with EDTA after various times of 
extension. The «xtent and distribution of duplex 
formation over the 1 feb subtilisin gene fragment was 
assessed by multiple restriction digestion (not 
shown). For example , production of new Hinfl 
fragments identified when polymerase extension had 
proceeded past XleXlO, I*u233, and AspSSS in the 
subtilisin gene. 

His incorporation of each dNTFae at randomly terminated 
3' ends by AMY reverse transcriptase fZakour, «* 
al. (1982), gstas, ZMt 708-710? Zakour, E.A, ., et al . 
(1984), McIMc. Acids Kes;,, ; 22, 6615-6628), used 
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conditions previously described (Chaispoux, J.J., 
(19$4) , &tnetici f & t 454-464), The efficiency of each 
sis incorporation reaction was estimated to fee greater 
than 80% by the. addition of each dNTP»s to the Aval 
restriction primer, and analysis fcy polyaeryl amide gel 
electrophoresis, Mis incorporations were sealed by 
polymerisation with all four dNTP's and closed 
circular WK was produced by reaction with mh ligase. 

Several manipulations were employed to »aseimi»e the 
yield of the mutant sequences in the heterofiuplex. 
These included the use of a deoxyuridine containing 
template (Kunkel, T,A. {XSS5} , Proc yetl. Acad, Sci* 
BSfit SI 488-492; fukkila, KJ» et »l. (1&83), 
cenjatics, 104, " 571-582} , is yitro aethylation of the 
mutagenic strand (Kramer, W, et el. {1982} Huelale 
M,is.^Mi. f 10 €475-64 85}, and the usa of Aval 
restriction-selection against the wild-type template 
strand which contained a unigue Ava l site* The 
separate contribution of each of these enrichment 
procedures to the final mutagenesis frequency was not 
determined, except that prior to Mil restriction- 
selection roughly one-third of the segregated clones 
in each of the four pools still retained a wild-type 
Aval site within the subtil isin gene, After Aval 
restriction-selection greater than 981 of the plasnids 
lacked the wild-type Aval site.. 

The l.s 3sb !coKX~BamB:x suhtilisin gene fragment that 
was resistant to $&&X restriction digestion, from each 
of the four CsCl purified H13 KF pools was isolated en 
low nalting agarose. The fragment was Xigated Jjj eitu 
from the agarose with a similarly cut coii-B. 
subtil is shuttle vector, pBOlB'O, end transformed 
directly into .1 coll LE392, Such direct ligation and 
transformation of tm& isolated from agarose avoided 
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loses and a 1 lowed .large numbers ox recombinants to »e 
obtained {> 100 ,000 pas P g equivalent of isput M13 
pool} . 

The frequency of mut agenesis for each of the four 
dNT>--as rdsxncorporation reactions was estimated ire:-. 
the frequency that unique restriction sites were 
eliminated (Table XX? . The unique restriction sites 
chosen for this analysis, CfaX, PwII, and Xpnl, vere 
distributed over the subtiiisin gens starting at 
codens 35, 104, and 166 , respectively. As a control, 
the mutagenesis frequency was determined at the PstX 
site located in the § lactamase gene which was outside 
the window of mutagenesis « Because the absolute 
mutagenesis frequency was close to the. percentage of 
undigested plasmid DMA, two rounds of restriction- 
selection were necessary to reduce the background of 
surviving uncut wild-type plasmid DMA below the mutant 
plasmid (Table XX). The background of surviving 
plssEsia from wild-type DMA probably represents the sum 
total of spontaneous mutations, uncut wild-type 
plasmia, plus the efficiency with Milch linear OKA can 
transform B. coll. Subtracting the frequency for 
unmut agonized Dh'A - {background} from the frequency for 
mutant DBA, end normalising for the window of 
mutagenesis sampled by a given restriction analysis 
bp? provides an estimate of the mutagenesis 
efficiency over the entire coding sequence {-1000 bp) „ 
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" !> Mutagenesis i r-quoney is estimated from the 
* x gueney ax obtaining nut , that altes 
restriction sites within the mutagen izad subtil is in 
gene (i.e. , Clal, FvSlX, or \ » < 

frequencies of the PstX site, that is out: side the 
window of mutagenesis" 

^ PXasmid DKA was from wild- type {none) or 
mutagen ized by dNTP»s mis incorporation as described, 
fe? 

Percentage of resistant clones was calculated 
from the fraction of clones obtained after three fold 
greater eve 1 the plasmid * the 

indicated restriction biizywB compared to a 
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non-digested control. Pesfrietic tant plassdd 

Bbfv from the first round was subjected to a second 
round of restriction-selection . The total represents 
the orodnet of the fractions of resistant clones 
obtained froo both rounds of selection and gives 
percentage of restriction-site mutant clones in the 
original' starting pool, Frequencies were derived from 
count in a at least 20 colonies and usually greater than 

ids. 



id) 



Percent resistant clones was calculated by 



subtracting the percentage of re sir let ion -resi s ta nt 
clones . ■ none) from 

that, obtained for mutant DNA. 

This extrapolates from th& frequency of mutation 
over each restriction site to the entire subtilisin 
cene (-1 khK This has been normalised to the number 
of oossible bases H-6 bp? within each restriction 
site that can be autags&iz«d by a given 
mis incorporation event. 



From this analysis, the average percentage of 
subtilisin genes containing mutations that result from 
dOTsss, dCSSPas, or dTSPas misineorporation was 
estimated to be 90, 70, and 20 percent, respectively, 
fhese high mutagenesis frequencies were generally 
quite variable depending upon the dNTPas and 
mi s incorpor a t i on efficiencies at this sit©. 
Hisincorporation efficiency has been reported to be 
both dependent on the kind of mismatch,, and the 
context o£ primer {Chaatpoux, 11984); Skinner, 

J.A., et al, (1S86) ggclgic Acids Res . , 14, 

6945*6984} , Biased mis incorporation efficiency of 
dGTJ?«s and dCTFas over dTTPes has been previously 
observed (Short le, B< , et ai, (1985) » Genet ice , 110, 
539-555), Unlike the SGTFas, <3CTPas, and dTTPsS 
libraries the efficiency of mutagenesis for the dATPas 
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misinccrporation library could not be accurately 
assessed because 90% of the restriciion-rssistant 
plasmias analysed simply lacked the subtil is In gens 
insert. This problem probably arose from 

sel irrigation of the vector when the d.hTPcxs 
sratagenised suhtilisin gene was subcloned from H13 
into pBOlSO, Correcting for the vector background, we 
estimate the catagenesis frequency around 20 percent, 
in the dATPas susincorporation library. In a separate 
experiment {not shown) , the mutagenesis efficiencies 
for dGTPss and d??p&s misineorporation were estimated 
to be around 50 end 30 percent, respectively, based on 
the frequency of reversion of an inactivating mutation 
at codon 3.69, 

The location and identity of each mutation was 
determined by a single track of BNA sequencing 
corresponding to the saisineorporated athiodeoxy- 
nucleotide over the entire gene followed by a complete 
four track of X>m sequencinf foctised over the site of 
mutation* Of 14 mutants identified, the distribution 
was similar to that reported by Short. le and Lin (1985) 
except ve did not observe nucleotide insertion or 
deletion mutations. The proportion of AG mutations 
was highest in the G misincorporation library, and 
some unexpected point mutations appeared in the dTTPas 
and dCTPas libraries. 



2, Scree eg nd 1 at , ~ ion of 

" : - v ' ' \ *' ' - ' - - 

30 - 

It xs possible to screen colonies producing subtiiisin 

by halos of casein digestion | We lis, J > A , et al, 

Pnc c , c Ac* e - _ Res,, , U t ? 9 ! 1-7925 1 . However f 

two problems were posed by screening colonies under 

high alkaline conditions { >pH 21) . First, 3, sub tills 
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Will not grow at high pM t and »e been unable to 

transform an alfeylophilic strain of bacillus. This 
prcbleis vas ©v»rc©»« by adopting a. replica plating 
strategy in which colonies were grovm. on filters at 
neutral pB t© produce subtilisin and filters 
subsequently transferred to casein plates at pB .11.5 
t© assay subtil isin activity. However., at pH 11 .5 the 
casein micelle no longer forxsad a turbid background 
and thus prevented a clear observation of proteolysis 
hales. The problem was overcome by briefly staining 
the. plats with Cooeassia blue t© amplify proteolysis 
gones and acidifying the plates to develop casein 
micall turbidity. By comparison of the halo sisse 
produced ©n the reference growth plate (pH 7) to the 
high pH plate (pH 11.5} , it was possible to identify 
mutant subtilisins that had Increased (positives} or 
decreased (negatives) stability under alkaline 
conditions. 

Roughly 1000 colonies were screwed from each of the 
four mis incorporation libraries. The percentage ©f 
colonies shoving a differential loss ©f activity at pH 
11 »S versus pH 7 represented 1,4, l.B, 1.4 f and 0.6% 
©f the total colonies screened troxa the thiol dGTP«s, 
dATFas ; dTTP^sy and dCTfes libraries, respectively. 
Several of these negative clones were seguenced and 
all were found to contain a single base change as 
expected from the sds incorporation library from which 
they came, negative mutants included A3 6, E170 ana 
V50. £wo positive mutants were identified as ¥107 and 
R213* The rati© of negatives to positives was roughly 
50sl, 
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3. Stability and Activity of 

Subtil is in mutants wsra purified and their autolytic 
stabilities vers assured- toy the time course of 
inactivation at pB 12. D {Figs. 3a and 33), Positive 
mutants identified trim the screen (i.e., VXD? and 
R2I3) were more resistant to alkaline induced 
autolytic deactivation compared to wild-type; negative 
mutants (i.e. , ei?o and V50) were less resistant. We 
had advantageously produced another mutant at position 
50 fFSO) by site-directed mutagenesis. This mutant 
was sore stable than wild-type enzyme to alkaline 
autolytic inactivation (Fig. 33} At the termination 
of the autolysis study, SBS-PASE analysis confirmed 
that each subtil isin variant had autolyses to an 
extent consistent with the remaining enzyme activity. 

The stabilizing effects of V107, E2X3, and F50 are. 
cumulative. See Table 3£30U The double mutant , 
V107/P2X3 (made by suhcloning the §20 hp Is^KI-Kpnl 
fragment of pBOlSOYXO? into the 6.6 kb feRi~|unl 
fragment of pB0i80R2i3), is more stable, than either 
single mutant. • The triple mutant, F50/V107/R215 (»&d* 
by subclerdng the 735 bp jgsgRI-PvuIX- fragment of pFSO 
(Example 2) into the 6.8 kb £saRI»pwtX2 fragment of 
pB0180/VX07„ is more stable than the double mutant 
VI07/P213 or F50, The inactivation curves show a 
bipbasic character that becomes acre pronounced the 
sore stable the mutant analyzed. This may result from 
some destahiisi.no; chemical modification (s) (eg.., 
deamidation) during "the autolysis study and/or reduced 
stabilisation caused by complete digestion of larger 
autolysis peptides. These alkaline autolysis studies 
have been repeated on separately purified enzyme 
batches with essentially the same results. Rates of 
autolysis should depend both on the conformational 
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F. fcan >ett© Mutagenesis 

Plssmid p&222 (Wells,, et al. {») gene 2£, 31$~*323) 
was digested with PstI ana BaaHl m& the 0*4 » 
Pstj/BaHBl fragment < fragment 1,-. see. Tig, 34} pur if. lad 
from a polymery lasdae gel by elactr oeltstion « 



2 0 



The 1,5 kb | >? * aH3 fragment from pS4,5 was cloned 
into MX3mp9. Site directed mutagenesis was performed 
to create the AXS7 mutant and simultaneously insert a 
silent SstI site over codoae 195-196. The mutant 
EeoRI/BajsHI fragment was cloned back into p3S42. The 
pA19? plasmid was digested with .^HI and gstl and the 
5.3 kb MU5I/§stI fragment (fragment 2} «as purified 
from low melting agarose. 

Complimentary oligonucleotides were synthesized to 
span the region froa Sstl (codons 195-196} to PstX 
{codons 388-230) ♦ These cl igodeoxynuclaot ides were 
designed to (1) restore codon IS? to the wild type, 
tzy re-create a silent 1&£X **it« present in $sa222 at 
codons 219-220 , |3) create a silent gm&l site over 
codons 210-211, and (4) eliminate the pstl site over 
colons 228-230 (sea Fig* 35), Oligedaoxynuclaotidas 
were synthesized with 2% contaminating nucleotides at 
each cycle of synthesis, e.g., d&TP reagent was spiked 
with 2% &CTP, 2% dSTP, and 2% dTTP, For 97-mers, this 
2% poisoning should give the following percentages of 
non-mutant, single mutants and double or higher 
mutants per strand with two or more mis incorporations 
per complimentary strand; 14% iron-Mutant, 23% single 
mutant, and - 57% with &2 stations, according to the 



-12 5- 



0251448 



where * is the average M&aher of mutations and n is a 
number class of smtaiions and t is the fraction of the 
total having that number of mutations* Compl isentarv 
oligodeoxynucieoti&ss pools m&r* phosphcrylated and 
annealed (fragment 3} and then Xigated at 2-fold molar 
excess over fragments 1 and 2 in a three-way ligation, 

SSli HH294 was transformed with the ligation 
reaction, the trans format ion pool • grown up over night 
and the pooled plasmid jm .was isolated, This pool 
represented 3.4 x 10* independent transplants, this 
piasmid pool was digested with Isfel and then used to 
rstrahsform E. cglj, A second piasmid pool was 
prepared and used to transform B. - subtil is (BG2036) . 
Approximately 401 of the B62036 Iransf orm&nts actively 
expressed stibtilisin as judged by halo-clearing on 
casein plates. Several of the non-expressing 
transforaants wore sequenced and found to have 
insertions or deletions in the synthetic cassettes, 
expressing BS203S mutants were arrayed in microti ter 
dishes with 150*1 of l*E/12;»5*g/mL chloramphenicol 
Ccmp) per well f incubated at 37*C for 3-4 hours ana 
then stamped In duplicate onto nitrocellulose filters 
laid on LB 1.5% skin ailk/S^g/ml, cmp plates and 
incubated overnight at 33 *c (until halos were 
approximately 4-8 ass in diameter) . Filters were then 
lifted to stacks of filter paper saturated with 
1 x Tide commercial grade detergent, 50 m J?a 2 C0 3 , pB 
IX.. S and intubated at SS'C for so min. Overnight 
growth plates were Commassie stained and destained to 
establish basal levels of expression. After this 
treatment, filters were returned to pB7/ski» 
miik/20*g/mL tetracycline plates and incubated at 37 *C 
for 4 hours to overnight. 
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Mutants identified by the high pB stability screen to 
fee more alkaline stable were purified and analysed for 
autolytic stability at high pH or feign temperature, 
the double watant C2-04/R213 *a : s »ore.- stable than viia 
type at either high pH or high temperature {Table 
XXII) « 

$his isntant «as dissected into single mutant parents 
(C204 and P213) by cutting at the unique Sn$£ 
restriction site (Fig. 35) and either ligating wild 
type sequence 3* to the Smal site to create the single 
C304 mutant or ligating wild type sequence 5* to the 
Sm&I sit© to create the single 3*213 mutant, Of the 
two single parents, C2Q4 was nearly as alkaline stable 
as the parent double mutant (C04/K213) and slightly 
more thermally stable. See Table XXII, The 8313 
mutant was only slightly more stable than wild type 
under both conditions (not shewn! * 

Another »uta«t identified from the screen of the 197 
to 228 random cassette mutagenesis was B204. This 
mutant was more stable than wild type at both high pH 
and high temperature hut less stable than €204* 

25 



30 



35 



10 
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Purified enzymes <200/*g/mLJ v«re incubated in Q,1M 
phosphate, pH 12 at 30*C for alkaline autolysis, or in 
im C&Cl , S0«M MOPS, pH 7*0 at 62 *C for therms! 
autolysis , At various times satsples were assayed for 
residual enayse activity. 2»a estivations were roughly 
pseudo-first order, and t 1/2 gives the tine it took 
to reach 50% of the starting activity in two separate 
experiments* 



mMlMM. variant 


autolysis) : 


t 1/2 
'autolysis) 

.351. !H 


wild type 


30 


2S 


20 23 


F50/V107/R213 


49 


41 


18 23 
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43 


46 


38 40 
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SO 


52 


32 36 


L2C4/R2I3 


32 


30 


20 21 









Eased on the above results, cote 284 was targeted for 
randon mutagenesis. Mutagenic XMh cassettes (for 
codon at 204) all contained a fixed R213 nutation 
which was found to slightly augment the stability of 
the C204 Mutant. 
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Flassdd DHA encoding subtil isin Mutant 02 04 /.E2 13 

was digested with Setl and ScoRl and & 1,0 fcb 
ISSHI/S£tI f rag-sent was isolated by electro-elation 
txon poly&crylaad&e gel (fragment 1, see Fig. 3-S) . 

5 

C204/R213 was also digested with Saal and RggBl and 
the large 4*7 fragment, including vector sequences 
and the 3 ' portion of coding region, was isolated froa 
low melting agarose (fragment 2, see Fig. 36} . 

10 

Fragments 1 and 2 were combined in four separate 
three-way ligations with hetsrophosphorylated 
fragments 3 (see Figs, 36 and 37). This hetero- 
phesphorylation of synthetic duplexes should 

IS preferentially drive, the phosphorylatad strand into 
the plasiaid ligation product* Four plasmid pools, 
corresponding to the tour ligations, were restricted 
with Smal in order to linearise any single cut 
€204/1*21 3 present iron fragment 2 isolation, thus 

m reducing the baoxground of C204/R213* coll was 

then re-tranef orssed with li»&l~restrictea .plasmid pools 
to yield a second set of plasmid pools which are 
essentially free of C204/R213 and any non-segregated 
heterfiupl«t material. 

as 

These second enriched pl&srdd pools were then used to 
transform B. subtilis (BG2036) and the resulting four 
smtant pools were screened for clones expressing 
subtilisin resistant to high pH/teaperature 
30 inactivation. Mutants found positive &y such a screen 
were further characterised and identified by 
sequencing ♦ 



The mutant L204/R213 was found to be slightly sior® 
35 stable than the wild type aubtilisin. See Table XXII, 
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Having described the preferred esfcodiaents of the 
present invention, it will appear to those ordinarily 
skilled in the art tnat various moMtimtipm m«y be 
usad© to the disclosed emfoodisaente ( and that sxiah 
s20di.fi cat ions are intended to fee within the scope of 
the present invention. 
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CLAIMS? 

X. A carbonyl hydrolase mutant. Uwixi$ at least one 
property which is substantially different from the 
same property of a precursor carbonyl hydrolase from 
which the aiaino acta sequence of said carbonyl 
hydrolase mutant is teiwS, said property being 
selected from the group consisting . of thermal 
stability and alkaline stability wherein said 
precursor carbonyl hydrolase is selected from the 
group consisting of naturally occurring carbonyl 
hydrolases and recombinant carbonyl hydrolases and 
said carbonyl hydrolase mutant amino acid sequence is 
derived by a method selected from the croup consisting 
of the substitution, deletion and insertion of at 
least one amino acid in said amino acid sequence of 
said precursor carbonyl hydrolase. 

2* A carbonyl hydrolase mutant having at least one 
property which is substantially different from the 
same property of a precursor carbonyl hydrolase from 
which the amino acid sequence of said carbonyl 
hydrolase mutant is derived, said property .being 
selected from the group consisting of oxidative 
stability, substrate specificity, catalytic activity, 
thermal stability, alkaline stability ana pH activity 
profile wherein said precursor carbonyl hydrolase is 
selected from the group consisting of naturally 
occurring carbonyl hydrolases and recombinant carbonyl 
hydrolases and saia carbonyl hydrolase mutant amino 
acid sequence is derived by a method selected from the 
group consisting of deletion and insertion of at least 
one amino acid in said amino acid sequence of said 
precursor carbonyl hydrolase and substitution of mors 
than one amino acid residue of said amino acid 
sequence of said precursor carbonyl hydrolase. 
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3. A carbonyl hydrolase mitarst derived by the 
replseessent of at least one amino acid residue of a 
precursor carbonyl hydrolase with a different amino 
acid, said one amino acid residue being selected from 

5 the group of amino acid residues of Bacillus 
ens 1 consist in oi Tyrll „ 

Thr22, Ser24 r Ser33, Asp36, Ala 4 5, Gly4$, Me48, 
Ser49, MstSO, Asn7?> Ser87, hy$M t Val§5, Leu36, 
TyrX04, llelO", GXyliOb Metl24 , AsniSS, <31ul56, 

10 Zy$11Q; TyrlU, ProI72 f PheXBS, Aspl97, KetlSS, 
Ser204, Lys213, Tyr21? f Ser221, Hl*67, Leui2S, L«ml35 f 
eiy&7, AspSS, SerlOl, GIyI02,. GXuX03, heuI26, GXyl27 f 
Glyl2S f ProI29 f Tyr224, Sly 21 5,. and equivalent amino 
acid residues in other precursor carbonyl hydrolases, 

is 

4, A carbonyl hydrolase urutant having an amino acid 
sequence derived from the amino acid sequence of a 
precursor carbonyl hydrolase by the substitnion of a 
differ nt amino acid for »ore than one amino acid 

20 residue' of said amino acid sequence of said precursor 
carbonyl hydrolase, said amino acid residues being 
selected from the group pf amino acid residues of 
{ § stthtilisin consisting of 
Tyr22, Thx2Z, Ser 24, Asp32, Sar33 f Asp36, AlalS, 

as Gly46, Ala4B, Ser49, MetSO, Aim? 7, 8er8? f Lys94, 
Val95, Leu96, Tyr204, lie.107, GlyllO, Metl24 t AXalS2, 
Asn-155, GlulSS, Glyl66, GlylSS, Ly«170, Syr 171, 
Prol72, i>heX89 f AsjpW, MtffclS.S, Ser204, Lys223 f 
*Pyr217, Ser22i, .Met.222, His 67, Laul26, hen!3S f Gly97, 

30 A»p99, SerlOl, G\yl02 t GluI03 f Leul26 f SXyl27, Glyi28, ( 
ProI29 f x Xyr2!4, Sly 21 5, and equivalent amino acid 
residues in other precursor carbonyl hydrolases. 
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5, The mutant ox Clairrs 4 vhsrein said combinations 
are selected from the group consisting of Thr22/Ser87, 
Ser24/Ser87, AXa45/Ala4S, Ser4S/LysS4 , 5er43/Val95, 
Mttt50/Val95, MelSO/SXyXXO, Met SO /Met 12 4, Met50/Mst222, 
MetX24/Met222 f GXuX55/Glyl66 , GXuX56/GXyl69 , 

GXyl»6/Met222, GiyX69/Het222 , Tyr21/Thr22, 

Me 1 5 0 /Me 1 1 24 / Me t 2 2 2 , Tyr 2 1 / Thr 2 2 / Se r S ? , Ma 1 5 0 / Giu 1 5 6 / 
Giyl66/Tyr217, Met5Q/GXul56/Tyr217, C3iuI5S/GlyX69/ 
Tyr2X7, Xiei70/Xys213, Ser204/Lys2X3» Met.50/llel 07/ 
Lye 213 and Sex 2 4 /Me 1 30 /lie 107 /SXul 56/Gly 1 6 6 /GXyl 6 S / 
Ser 2 0 4 / Ly s 21 3 /GXy 2 2 5/Tyr 2X7. 

6* A carbonyl hydrolase mutant derived by the 
replacement of at least one amino acid residue of a 
precursor earbonyl hydrolase with a different amino 
acid, said one amino acid residue toeing selected from 
the group of amino acid residues of of Bacillus 
ns subtilisin consisting of Tyr 21 , 
Thr 22, Ser24, Asp32 f Ser33, A.sp36, Ala45, Gly46, 
Ala48, Ser 49, fSetSO t Asn77, Ser 87, Lys94, V&19S, 
X,eu96, Tyr 10 4 , IleX07, Glyl 10, Metl24, Aial52 f 
Asn-155, Glul 56, . GlylSS, Glyl 69, XysX70, Tyr 171, 
Prol72, Phel89, AsplS7, Metl99, Ser 2 04, Lys213, 
1*7X2X7, Ser 221, Met.222, Bis67, LeuX26, I»eul35, GXy97, 
&»p#8, Ser 101, GXyl02, GXuX03, Leul28, Glyl27, Gly 128, 
Prol29, Tyx214, Gly 215, and equivalent amino acid 
residues i» other precursor earbonyl hydrolases, 
wherein said at least one amino acid residue of said 
precursor earbonyl hydrolase is replaced with the 
amino acid residues listed in TABLE I and TABLB. IT 
herein. 

7. The mutant of Claim 6 wherein the amino acid 
replacing said at least one amino acid residue in said 
precursor earbonyl. hydrolase is selectd from the 
replacement amino acids listed in TABLE I herein. 
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8. Mutant D'NA sequence encoding the mutant of claims 
I through ?, 

9. expression vector containing the smtsnt mk 
sequence of claim B, 

10. Host cell transformed with the expression vector 
of Claim 9. 
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